Unlike many of the nontyphoidal Salmonella serovars such as S. Typhimurium that cause restricted gastroenteritis, Salmonella Typhi is unique in that it causes life-threatening typhoid fever in humans. Despite the vast difference in disease outcomes that S. Typhi and S. Typhimurium cause in humans, there are few genomic regions that are unique to S. Typhi. Of these regions, the most notable is the small locus encoding typhoid toxin, an AB toxin that has several distinct characteristics that contribute to S. Typhi's pathogenicity. As a result, typhoid toxin and its role in S. Typhi virulence have been studied in an effort to gain insight into potential treatment and prevention strategies. Given the rise of multidrug-resistant strains, research in this area has become increasingly important. This article discusses the current understanding of typhoid toxin and potential directions for future research endeavors in order to better understand the contribution of typhoid toxin to S. Typhi virulence.
INTRODUCTION
Salmonella enterica serovar Typhi (S. Typhi) is the cause of typhoid fever in humans. It remains a major global health concern due to the continuous, widespread outbreaks in Southeast Asia and sub-Saharan Africa [1] [2] [3] [4] . When antibiotics are able to successfully control S. Typhi infections, typhoid fever mortality rate is estimated at approximately 1 percent -resulting in ~200,000 annual deaths mostly among children in developing countries [1] [2] [3] [4] . However, multidrug-resistant strains of S. Typhi have emerged and become prevalent in typhoid outbreak areas, which suggests that the mortality rate will likely increase in the future if new treatment options are not developed. For instance, in 2010, only 7 percent of typhoid fever cases in Malawi were multidrug-resistant, compared to 2014, 97 percent of typhoid fever cases were resistant to antibiotics [5, 6] . A better understanding of the pathogenic mechanisms of S. Typhi infections would provide critical insight into new opportunities to develop specific treatment and prevention strategies, which would be useful in treating against multidrug-resistant S. Typhi infections.
Typhoid toxin has been discovered via genome comparison analysis of S. Typhi to that of S. Typhimurium [7] . The small island encoding all three components of typhoid toxin, along with two other genes, one of which is required for typhoid toxin secretion, is present in the S. Typhi genome, but not in the counterpart of S. Typhimurium [8] (Figure 1A ). S. Typhi expresses active typhoid toxin, as demonstrated by the observation that human cells treated with culture supernatants of S. Typhiinfected cells induced G2 cell cycle arrest that is a readout of the typhoid toxin intoxication process [7] . Furthermore, the in vivo function of typhoid toxin has been investigated in two types of the mouse model. In an acute-phase mouse associates with a ADP-ribosyl transferase, PltA (red) via hydrophobic interactions. CdtB (blue), the A subunit of cytolethal distending toxin links to the PltB/PltA complex by a single disulfide bond through distinctly positioned extra cysteine residues in both PltA and CdtB (inset). The receptor-binding pocket of PltB is shown in detail, indicating the amino acid residues that are present (inset). Val 103 in the binding pocket is a nonpolar residue on PltB that allows it to interact with Neu5Ac-terminated glycans (inset). (C) Sialoglycan consensus sequence Neu5Acα2,3Galβ1,3/β1,4GlcNAc/Glc to which PltB binds. (D) Humans do not express functional CMAH enzyme, which converts Neu5Ac that binds toxin to Neu5Gc that does not bind toxin. Humans are therefore susceptible to typhoid toxin, while chimpanzees and other non-human primates are resistant. (E) Cartoon of typhoid toxin trafficking. Toxin is expressed by intracellular S. Typhi from infected cells (1. Infection and 2. Expression & Secretion), and the toxin is then ferried to the extracellular environment (3. Export) and enters into target cells to intoxicate them (4. Target cell intoxication). The toxin in the extracellular milieu binds to cells that can be remotely located, including immune cells in circulation and in the spleen as well as brain endothelial cells. Neu5Ac, N-acetylneuraminic acid, Gal, galactose, GlcNAc, N-acetylglucosamine, Neu5Gc, N-glycolylneuraminic acid, CMAH, cytidine monophosphate-Nacetylneuraminic acid hydroxylase, TTSS, type III secretion system, SPI2, Salmonella pathogenicity island 2, SCV, Salmonella containing vacuole, Sec SP, Sec-dependent signal peptide, IM, inner membrane, OM, outer membrane, PG, peptidoglycan.
model, systemic administration of recombinant typhoid toxin recapitulates many of the acute phase symptoms that are characteristics of typhoid fever in humans [9] . In a persistent infection mouse model, known as a humanized mouse model that is able to partially support S. Typhi infection, typhoid toxin involves in the establishment of S. Typhi persistent infection, presumably by altering the immune cell functions to its favor, although the underlying molecular mechanism(s) awaits to be understood [10] . In this model, it was shown that immunodeficient mice that were engrafted with human stem cells were able to support S. Typhi infection [10] . Recent human subject research implies the critical function of typhoid toxin in S. Typhi virulence. For example, convalescent typhoid fever patients showed high titers of antibodies specific to the components of typhoid toxin in their sera, which also indicates that typhoid toxin is produced during S. Typhi infection of humans [11, 12] .
Typhoid toxin belongs to the family of bacterial AB toxins consisting of an "A" enzymatic subunit and a "B" receptor binding subunit. Bacterial AB toxins are secreted virulence factors that often play an essential role in virulence to the related bacterial pathogens. However, typhoid toxin has several features that are different from that of other AB toxins. For instance, the organization of typhoid toxin is unique in that it has two enzymatic "A" subunits as opposed to just one. This highlights a remarkable molecular evolution as to how two separate toxins become one [9] and therefore implies the potentially distinct virulence contributions of typhoid toxin to S. Typhi infection. Anthrax toxin also has two enzymatic subunits, but its A subunits form two individual toxin complexes that have one A subunit at a time [13] . Therefore, the organization of typhoid toxin is the first of its kind to be discovered. The trafficking mechanism of typhoid toxin is another feature that differentiates it from other AB toxins. Since typhoid toxin is exclusively produced by intracellular S. Typhi in infected cells, it indicates that Salmonella-containing vacuole (SCV †) is involved in export trafficking of typhoid toxin within infected cells to extracellular milieu. This mechanism helps typhoid toxin to be trafficked out of the infected host cell to find and intoxicate other target cells. The host adaptation of typhoid toxin is also notable. Typhoid toxin is adapted to one type of sialic acid that is abundantly expressed in humans. This phenomenon is in agreement with S. Typhi's inability to cause typhoid fever in hosts other than humans. Finally, its tissue tropism is an important feature of this toxin. Even though the typhoid toxin receptor is rather ubiquitously expressed, when typhoid toxin is systemically administered into mice, typhoid toxin exclusively targets the immune system and the central nervous system, which corresponds to many symptoms of typhoid fever. The binding of typhoid toxin to immune cells also implies that there is an underlying mechanism of typhoid toxin that helps establish S. Typhi chronic infection. In this article, we will discuss the details of the previously mentioned discoveries and the current status and future direction of research on typhoid toxin to better understand its contribution to S. Typhi virulence.
Salmonella Typhi and Typhoid Fever
S. Typhi is the etiologic agent of the human systemic infectious disease typhoid fever. S. Paratyphi is the closely related serovar that causes a similar disease known as paratyphoid fever [14] . Both S. Typhi and S. Paratyphi infections are human-restricted, although some higher primates such as chimpanzees can be experimentally infected [2, 15, 16] . In contrast, nontyphoidal Salmonella serovars such as S. Typhimurium infect both humans and other animals, and cause gastroenteritis known as Salmonellosis in humans [17] [18] [19] . Approximately 90 percent of the S. Typhi and S. Typhimurium genomes are homologous, and few genes are unique to the genome of S. Typhi. A notable large region specific to S. Typhi is Salmonella pathogenicity island 7 (SPI-7) that encodes the viaB locus consisting of 10 genes related to the biosynthesis and export of Vi polysaccharide capsule, which involves in circumventing Toll-like receptormediated immune surveillance [20, 21] . Another notable small island is the locus encoding five genes including three typhoid toxin components, a bacteriophage muramidase homolog controlling typhoid toxin secretion, and a small gene of unknown function ( Figure 1A ) [8, 22] . The presence of over 200 putative pseudogenes in the S. Typhi genome, most of which are functional in S. Typhimurium is also a distinct feature, which is considered related to the narrow host adaptation of S. Typhi, compared to the broad host range serovar S. Typhimurium [23] [24] [25] . In agreement with this observation, S. Typhi expresses a significantly smaller number of effector proteins than most other serovars, although there are highly conserved virulence components among serovars, such as two type III secretion systems including their expression regulators that are essential in the interaction of Salmonella enterica with host cells, which delivers bacterial effector proteins into host cells to modulate cellular functions to their favor [17, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . One of the missing effectors from S. Typhi is GtgE, which is involved in neutralizing a host restriction pathway that prevents its growth in macrophages of nonpermissive species [40, 41] .
Typhoid fever is accompanied by various acutephase symptoms including fever and abdominal pain, immunologic symptoms such as leukopenia, and in some instances neurological complications [42] . Neuropsychiatric manifestations have been observed at a range of 5 percent to 84 percent [43] [44] [45] [46] . Two distinct presentations of typhoid fever-associated neurological 201 in pertussis toxin S1) overlap almost completely [9, 51] . Like the pertussis toxin activation process, the intra-subunit disulfide bond is anticipated to be reduced to allow the access of NAD and its putative substrates to the active site, and consequently, a reducing activating step is likely a required step before contacting its host cell target(s). CdtB, the A subunit of the cytolethal distending toxin (CDT) has a nuclease activity that induces cellcycle arrest and/or cell death by damaging the DNA of the intoxicated cell [7, 8] . Typhoid toxin CdtB aligns very well to the Haemophilus ducreyi CdtB [9, 52] . The positions of the conserved catalytic residues in typhoid toxin's CdtB, including CdtB His 160, overlap almost completely with those of its homolog in H. ducreyi. The receptor-binding B subunit PltB recognizes the specific sialoglycan consensus sequence, N-acetylneuraminic acid (Neu5Ac)α2,3Galactose (Gal)β1,3/β1,4Glucose (Glc)/Nacetylglucosamine (GlcNAc), which is rather abundantly expressed in humans [9] (Figure 1C and 1D) . Among the trisaccharide-consensus sequence, terminal Neu5Ac glycan is the most important glycan in this binding, which directly fits in the binding pocket of PltB [53] . PltB Ser 35 is the most important residue for interaction with the typhoid-toxin glycan receptor ( Figure 1B insert) [9] . The sialoglycan consensus sequence, Neu5Acα2,3Galβ1,3/ β1,4GlcNAc/Glc, is displayed on ganglioside GD2, as well as on complex type N-linked glycoproteins. Typhoid toxin binds to ganglioside GD2, and N-glycans printed on glycan microarray chips, as well as naturally displayed on cells and tissues, although typhoid toxin preferentially binds to N-linked glycoproteins over ganglioside GD2, due to the laterally positioned PltB binding pocket [9, 53, 54] (Figure 1B ).
Typhoid Toxin Secretion and Export Trafficking
Typhoid toxin's secretion mechanism within intracellular S. Typhi in infected cells has been better understood. Typhoid toxin components, CdtB, PltA, and PltB, have an N-terminal Sec signal peptide, which mediates their trafficking from the cytoplasm to the periplasm through the Sec machinery in S. Typhi ( Figure  1E ). The genomic island that encodes typhoid toxin also contains two other genes, sty1887 and sty1889 (a.k.a. ttsA). The latter gene has been recently determined to be necessary for toxin secretion from the periplasm of S. Typhi to the SCV in infected cells, and was renamed as ttsA (for typhoid toxin secretion A) [22] . TtsA belongs to a group of bacteriophage muramidases that hydrolyze N-acetylmuramic residues of peptidoglycan, so that it assists typhoid toxin secretion from the periplasm to the SCV ( Figure 1E ). However, how TtsA protein is exported from the bacterial cytoplasm to the periplasm remains to be understood, as it lacks an identifiable N-terminal sec-dependent secretion signal. There are few complications are reported: (i) the acute confusional state or delirium and (ii) delayed neurological complications that become apparent after the fever is subsidized [47] . The latter complication has long been reported, although not so frequently, but more frequently among patients resistant to treatment, which directly related to the S. Typhi infection and in some instances involves upper motor function defects, although the pathogenesis is not known [43] [44] [45] [46] [47] [48] . A small portion (1 to 6 percent) of patients infected with S. Typhi can become asymptomatic carriers by establishing a persistent infection that is associated with gall bladder infection [49, 50] . A recent study using mice whose immune system had been humanized by fetal human stem cell grafting demonstrated that typhoid toxin helped S. Typhi establish persistent infection [10] , which supports the notion that typhoid toxin involves the transmission of the infection among people for its longterm existence.
Typhoid Toxin is an Atypical AB Toxin, Forming an A 2 B 5 Organization
The atomic structure of typhoid toxin, having a length of approximately 90 Å and a width of approximately 60 Å, demonstrates an unprecedented A 2 B 5 organization with two covalently linked A subunits, CdtB and PltA, non-covalently associated with a pentameric B subunit PltB ( Figure 1B) . The evolution of uniquely positioned Cys residues in both CdtB and PltA has resulted in the adaptation of CdtB for its tethering to the PltA-PltB complex ( Figure 1B inset) . The complex consists of a short helix at the carboxyl-terminal end of PltA that inserts into the hydrophobic lumen of the PltB channel and therefore stabilizes it. More specifically, the A subunits, CdtB and PltA, are positioned in a tandem linear arrangement, which indicates that CdtB does not interact with the PltB subunit ( Figure 1B) . A disulfide bond, linking CdtB and PltA, is important for the assembly of typhoid toxin holotoxin in the periplasm of S. Typhi ( Figure 1B inset) , which ensures that CdtB and PltA are trafficked to the same target cell simultaneously throughout the entire trafficking process from the secretion from S. Typhi to SCV in infected cells to extracellular milieu to target cells ( Figure 1E ). After endocytosis and retrograde transport in target cells, CdtB and PltA are likely separated due to the reduction of the disulfide bond that links these subunits, which allows the two A subunits to be translocated to the cytoplasm and delivered to their place of action ( Figure  1E ).
PltA is a ADP-ribosyl transferase, which has the amino acid sequence as well as structural similarities to that of the pertussis toxin S1. The positions of the conserved catalytic residues (Glu 133 in typhoid toxin and Glu 129 in pertussis toxin S1), as well as the disulfide bonds (Cys 56-Cys 207 in typhoid toxin and Cys 41-Cys thus displaying Neu5Gc and not Neu5Ac in all tissues, are resistant to typhoid toxin [53] . The atomic structure of typhoid toxin bound to Neu5Ac reveals the structural basis for its binding specificity [53] . Although the PltB subunit shares its oligosaccharide-binding fold with the B subunits of other AB 5 toxins [57] , it lacks a residue that is required to form a hydrogen bond with the extra hydroxyl group in Neu5Gc-terminated glycans. Instead, PltB has a nonpolar residue Val 103 that allows it to interact with Neu5Ac-terminated glycans [53] (Figure 1B inset) . It is worthwhile to note that C57Bl/6 mice naturally express typhoid toxin receptor Neu5Ac, while 100 percent of the sialoglycans expressed in CMAH null mice is the same as those in humans [53] . Furthermore, although there might be a yet unidentified difference, both C57Bl/6 and CMAH null mice developed comparable toxin binding tropism and clinical manifestations upon typhoid toxin challenge. These results demonstrated the remarkable molecular evolution of bacterial toxins produced by the exclusive human pathogen Salmonella Typhi, resulting in its host adaptation.
Typhoid Toxin Tissue Tropism and Typhoid Fever
The sialoglycan consensus sequence Neu5Acα2,3Galβ1,3/β1,4GlcNAc/Glc (typhoid toxin receptor) is rather common among surface glycoproteins, but an expression of the related glycoproteins, as well as their glycosylation levels and their further modifications, may be different in various cell types [58] [59] [60] [61] [62] . This concept implies that different glycoproteins on different target cells can act as receptors for typhoid toxin. In support of this idea, it was recently demonstrated that Podocalyxin-like 1 protein is the receptor for typhoid toxin in epithelial cells, while CD45 serves as the typhoid toxin receptor in immune cells, including monocytes and T and B cells.
Typhoid toxin administered intravenously into mice was primarily found in two organs: the spleen, together with its effect on other immune cells in circulation, explaining the acute phase symptomes of typhoid fever associated to immune cells, and the brain, most typhoid toxin found on/around the Blood-Brain Barrier (BBB) (unpublished observation). Strikingly, typhoid toxin did not localize in the endothelium of blood vessels of other organs (e.g. lung, liver, and kidney), which strongly supports a yet unidentified in vivo mechanism resulting in the specific tissue tropism of typhoid toxin (unpublished observation). In support of this specificity, other controls including PltB binding defective mutant toxin, and other lectins such as Ricinus communis agglutinin I that binds to galactose [63, 64] , both of which we did not find on/ in the brain. Typhoid toxin's tropism to immune cells is also distinct. Although the details of these mechanisms have yet to be fully understood, the effect of typhoid toxin examples of other muramidases that are transported to the periplasm by holins that are often encoded directly next to muramidases, which suggests the role of holins in TtsA delivery to the periplasm [22] (Figure 1E ).
After its secretion to the SCV in infected cells, typhoid toxin has a rather unusual trafficking mechanism that may be linked to S. Typhi's host specificity. Unlike many other bacterial toxins, typhoid toxin is exclusively produced by intracellular S. Typhi, indicating the specialized export trafficking mechanism, which has been better characterized in [55] . Typhoid toxin is secreted into the lumen of the Salmonella-containing vacuole (SCV) within the infected cells, where it is packaged into vesicle carrier intermediates that transport it to the extracellular milieu [8] . More specifically, typhoid toxin is sorted from the SCV into the vesicle carrier intermediates by the interaction of its B subunit PltB with specific sialylated glycan packaging receptors [55] ( Figure 1E ). Toxin packaging was impeded in CRISPR/ Cas-9 generated cells deficient in N-linked glycoprotein glycosylation or the synthesis of specific gangliosides GD2, or from cells displaying N-glycolylneuraminic acid (Neu5Gc)-terminated glycans, which are incompatible with PltB-receptor binding. Exocytic sorting of typhoid toxin requires a specific intracellular compartment since the toxin was not exported when expressed by a S. Typhi mutant that is unable to traffic to SCV ( Figure  1E ). Following export, the toxin reaches target cells by interacting with human-specific Neu5Ac-terminated glycan receptors, as explained above and in Figure 1C -1E [9, 53] . The cellular targets for typhoid toxin may not necessarily be cells that contain the bacteria in the SCV, but could also be other uninfected cells like immune cells including neutrophils and lymphocytes, as well as brain endothelial cells.
Host Adaptation of Typhoid Toxin
Several factors contribute to S. Typhi's host specificity as indicated by the lack of typical symptomatology of typhoid fever expressed by chimpanzees. Typhoid toxin shows strong selectivity for Neu5Ac-terminated glycans that are predominantly expressed in human cells, as opposed to Neu5Gc-terminated glycans that are predominantly expressed in other mammals such as chimpanzees [53] . The abundance of Neu5Gc on the surface glycans render cells not permissive for toxin binding and therefore resistant to typhoid toxin.
More specifically, human glycans are unusual because they predominantly carry Neu5Ac due to the lack of a functional enzyme, termed cytidine monophosphate-N-acetylneuraminic acid hydroxylase, (CMAH, a pseudogene in humans), which in other mammals converts Neu5Ac to Neu5Gc [56] (Figure 1D ). CMAH transgenic mice, constitutively expressing CMAH and potential extinction. In addition to the asymptomatic carrier, it is intriguing to speculate that the acute symptomatic phase of S. Typhi infection could also be an indirect means to rapidly spread S. Typhi among people, although in both cases only a small portion of S. Typhi likely finds its next host. Based on the findings discussed in this article, we speculate that typhoid toxin helps maintain S. Typhi's long-term survival and transmission by targeting the immune system and the central nervous system. Current animal models that are being used to study the role of typhoid toxin during the acute phase as well as the chronic phase are useful, but both have limitations. The development of an optimal animal model would facilitate the advancement of knowledge of the typhoid toxin biology in the context of natural infection. on immune cells is presumably concentration-dependent. In low concentrations, typhoid toxin binding to immune cells, including neutrophils, lymphocytes, monocytes, and macrophages, appears to help S. Typhi to establish persistent infection, presumably by altering both innate immune responses and adaptive immune responses ( [10] and unpublished observation). On the other hand, in high concentrations, the toxin is able to cause the death of immune cells [9] . Although this evidence is convincing, further investigations are required in order to fully explain this underlying mechanism.
The cdt Locus in Nontyphoidal Salmonella Serovars den Bakker et al. recently reported that a few nontyphoidal Salmonella enterica serovars such as S. Javiana have adapted the cdt locus into their genome [65] . As the Javiana cdt locus encodes a similar but modified toxin component, it will be called "Javiana toxin" in this article. In a follow-up study, Rodriquez-Rivera et. al. showed that S. Javiana that infected Henle-407 cells produced functional Javiana toxin, as measured by G2 cell cycle arrest of infected cells three days post-infection [66] . Similar to other nontyphoidal Salmonella infection, S. Javiana infection in most cases is asymptomatic or restricted to the gastrointestinal (GI) tract ( [67] and unpublished observation). However, in rare instances, particularly among immunocompromised individuals, S. Javiana was found in the blood. For instance, a clinical report of S. Javiana small outbreak in New Mexico in 1942 described that a few patients developed an alarming, atypical symptom complex of nontyphoidal Salmonella infection, and some cases even led to the death [68] . These results imply that S. Javiana genetically engineered to express typhoid toxin might be served as a mouse model to study typhoid toxin in the context of natural infection by using a condition causing systemic infection. It was previously proposed that Toll-like receptor 11 (TLR11) was responsible for the clearance of S. Typhi infections in mice, thus Tlr11 -/-mice was a prospective animal model for studying these infections [69] . However, these results could not be reproduced by other laboratories and were therefore considered to be unreliable [70, 71] . These support that further development of animal model will be critical to better understand the role of typhoid toxin in S. Typhi virulence.
CONCLUSIONS AND OUTLOOK
Unlike many other bacterial pathogens that can infect both humans and other animals, S. Typhi is humanrestricted. As humans are essential for the survival of S. Typhi, it is reasonable for S. Typhi to have developed multiple means to sustain its population to avoid its
